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ABSTRACT
The turbulent magnetic fields of a large set of fast solar wind streams measured onboard ACE and
STEREO A and B are analyzed in an effort to identify the effects of the turbulence-level broad vari-
ations on the orientations of the local, time-averaged magnetic fields. The power level of turbulence,
roughly defined as the power in the transverse field fluctuations normalized to the medium-scale aver-
age background field, tightly orders the location of the peaks in the probability distribution functions
(PDFs) of the angles between local fields and Parker spiral. As a result, the broad variations in the
power level of turbulence cause a steep dependence of the average power level of turbulence on the
angle of the local field to the Parker spiral, with the highest turbulence levels found near the normal
to the Parker spiral and the lowest levels near the Parker spiral direction. Generalized quasilinear
estimates of the mean cross-field displacements adapted to intermittent time-varying turbulence lead
to accurate fits of the observed angle PDFs at all stable levels of turbulence, supporting the idea that
isotropic turbulence could account for the observed angle PDFs. Modeling of the angles αr between
local fields and radial direction, from the PDFs of the angles α between local and background fields
under an assumption of axisymmetry of the turbulent fields around a background field in or near
the direction of the Parker spiral, also produces fairly good fits of the observed PDFs of αr, thereby
validating the assumption. Finally, local field reversals are found to be quite common even within
very broad streams of “unipolar” fast solar wind.
Subject headings: cosmic rays — magnetic fields — plasmas — turbulence — waves
1. INTRODUCTION
Local spectral analysis of the solar wind (SW) mag-
netic fields reveals strong time variations in the power
level of the turbulent field fluctuations. This variability
of the power level of the field fluctuations is responsi-
ble for the strong non-Gaussianity of the observed PDFs
of field variations associated with intermittency (Ragot
2013). The strong non-Gaussianity of the observed PDFs
of field variations is unlikely to be the only observable
consequence of the power-level variability. Here, we in-
vestigate the magnetic field orientations as functions of
the highly varying power level of turbulence in the fast
SW, and vice versa, where the power level of turbulence
is defined with the field fluctuations normalized to the
medium-scale (15min) average background field.
SW magnetic fields B are measured along SW flow
lines and the time series of these in situ field measure-
ments can be averaged on a timescale ∆t to obtain mean
“magnetic field vectors” Bav(t,∆t). If δt is the time
resolution of the measurements and ∆t = Nδt,
Bav(t,∆t) =
1
N + 1
N/2∑
n=−N/2
B(t+ nδt) . (1)
What is the meaning of these mean “magnetic field vec-
tors” Bav(t,∆t)? Do they somehow give the direction of
a real magnetic field within the SW? How do they relate
to the direction of “real” magnetic field lines? The an-
swer depends on how much magnetic field lines diverge
from each other, locally, and on how much transport they
undergo collectively. If the directions of neighboring field
lines strongly deviate from each other rather than be-
ing dominated by one common direction of transport,
then it is dubious that the mean “magnetic field vec-
tors” Bav can be ascribed any other meaning than that
of time averages of in situ magnetic fields along SW flow
lines. However, if the directions of neighboring field lines
mostly run “parallel” to each other, being dominated
by one common direction of transport, then the mean
“magnetic field vectors” Bav give the mean local com-
mon direction of transport, or mean local direction of
a field line that passes through one of the measurement
points.
In a magnetic turbulence with background field B0,
such as the SW, both the field-line dispersal (rela-
tive field-line divergence) and global field-line transport
(common transport) can be assessed theoretically and
modeled (e.g., Ragot 1999, 2006a, 2006b, 2009, 2010a,
2010b, 2011). Field-line dispersal and global field-line
transport are measured by the variations in field-line
separations and by the field-line displacements across
the background-field direction, or cross-field displace-
ments, ∆r, respectively. It appears that in slow and
fast SW streams, the association between time-averaged
field vector direction and mean direction of an actual
field line is justified on most timescales because the cross-
field displacements ∆r far exceed the variations in field-
line separations on the background field-aligned length
scales ∆z ≤ 1011cm (e.g., Ragot 2010b, knowing that
〈(∆r)2〉1/2 ∼ ∆z on these ∆z scales).1,2 For a SW
1 A note of caution is in order here. Our results concerning the
field-line dispersal were obtained in self-similar turbulence. The
stronger fluctuations of the intermittent turbulence at the higher
frequencies may cause stronger relative field-line dispersal. This
may need verification in the future. But for the time being, we
believe that in most cases, the variations in field-line separations
remain less than the cross-field displacements even with the inter-
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speed Vsw, the length scales ∆z relate to the timescales
∆t through ∆z = Vsw∆t cosφr , the angle φr between
Parker spiral and radial direction being defined below in
Equation (2).
The time-averaged field directions obtained by inte-
grating in situ fast SWmagnetic fields over time intervals
of duration ∆t ∼ 15 − 20 s (depending on Vsw) should
therefore match the local field-line directions on the back-
ground field-aligned length scale ∆z ∼ 109 cm. And the
angles α [see Equation (14) in Section 4] between these
time-averaged in situ fields and the background field B0
should match the angles between the mean directions of
local individual field-line segments of B0-projection ∆z
and B0, whose tangents are given by the ratios ∆r/∆z.
Again, this would not be the case if the field lines were
too strongly diverging from each other. These premises
are at the basis of the modeling of Section 4 for the PDFs
of the angles α at the scale ∆z = 109 cm.
A first-order approximation for the large-scale geom-
etry of the SW magnetic fields is given by the Parker-
spiral model for interplanetary magnetic fields (Parker
1958, 1963). The angle φr of the Parker spiral to the ra-
dial direction at heliocentric distance r is related to the
solar rotation rate ΩR⊙ and SW speed Vsw through (e.g.,
Burlaga 1995)
tanφr ≈
rΩR⊙
Vsw
. (2)
The local magnetic fields actually deviate from the
Parker spiral by large angles, but the Parker spiral di-
rection generally represents a good axis of symmetry for
long statistics of the fields. PDFs of the azimuthal an-
gles of the magnetic fields’ in-ecliptic projections were
determined from in situ measurements early on (Ness &
Wilcox 1966; Hirshberg 1969; see also, Burlaga & Ness
1997). More recently, PDFs of the angles between SW
magnetic fields and Parker spiral (or background field)
were also determined both in three- and two-dimensional
space from in situ measurements, and using the measured
Fourier spectra of magnetic fluctuations, also theoreti-
cally and numerically (Ragot 2006b). These determi-
nations, however, were made from only one single SW
stream in each of four SW conditions (slow and fast SW
at 1 and 0.3AU), and the time variability of the power
level of turbulence was not considered. Here we focus
on the fast SW near 1AU and extend our analysis to
a large set of streams (over one hundred) observed on-
board ACE and STEREO A and B. Most importantly,
we analyze the directions of the local magnetic fields as
functions of the local level of turbulence, rather than a
characteristic average value of that level.
mittent fluctuations of spectral power (see Section 3).
2 For instance, in the slow SW, which is the case for which
simulation results have been published, the separation between two
field lines that are initially 108 cm apart may grow tenfold on a ∆z
scale of 1011 cm, or even hundredfold on a ∆z scale of 3× 1011 cm
(see Figures 3 and 5 of Ragot 2011), and statistically, by factors
of ≈ 4.5 and 20 (from Figures 1, 2 and 4 of Ragot 2011), but the
variation of that separation remains only a small fraction of the
cross-field displacements undergone by both field lines on these ∆z
scales, here about 0.9 and 3.6 percent at ∆z = 1011 and 3×1011 cm,
respectively, in the flux-tube simulation of Ragot (2011), and only
0.4 and 0.7 percent, statistically (from Figure 1 of Ragot 2006b,
〈(∆r)2〉1/2 ≈ 1.1 × 1011 and 2.8 × 1011 cm at ∆z = 1011 and
3× 1011 cm, respectively).
An earlier study by Podesta (2009) showed that the
turbulent energy observed in fast SW streams is on the
average higher when the local magnetic field is normal
to the SW flow. The conclusion of that earlier study
was that the higher levels of turbulent energy seen when
the local magnetic field is normal to the SW flow are in-
dicative of anisotropic turbulence with a wavevector dis-
tribution dominated by the wavevectors normal to the
field. We are somewhat skeptical of this conclusion that
variations of turbulent energy with magnetic field angles
necessarily reflect an anisotropy of the wavevector distri-
bution. Our skepticism is driven by the facts that (1) the
variations in the turbulent energy and turbulence level
are actually so much greater than the variations seen in
the above anisotropy argument (orders of magnitude, to
be compared to a factor of the order of a few), and (2) the
orientation of the local magnetic field is in large measure
determined by the turbulent energy and turbulence level
(see abstract, next paragraph and Section 3 for a defini-
tion of the power level of turbulence or turbulence level),
as we confirm here through our analysis and modeling
of the field orientations for a broad range of turbulence
levels.
Through our analysis and modeling, we will test
whether a turbulence model of isotropic wavevector dis-
tribution could account for the observed PDFs of local
field angles at any of the measured turbulence levels. We
will also test whether the PDFs of angles relative to the
radial can be recovered from the PDFs of angles relative
to the background under an assumption of axisymmetry
and Parker-spiral background field.
Here, we distinguish between turbulent energy and
turbulence level. The turbulent energy is basically the
power level of the magnetic field fluctuations, computed
at either one frequency or integrated over a broader fre-
quency range. By contrast, to anticipate our discus-
sion of Section 3.5, the turbulence level is the power
level of the magnetic field fluctuations normalized to the
medium-scale average background field. While the tur-
bulent energy does say little about the stochasticity of
the fields and the amount of field-line wandering actu-
ally taking place in the SW, especially if the background
field undergoes strong fluctuations, the turbulence level
tightly parametrizes field stochasticity and field-line wan-
dering. In fast SW streams, it appears that the back-
ground field does undergo strong fluctuations. There-
fore, the turbulence level as defined above and in greater
detail in Section 3.5, is a far better ordering parame-
ter for the orientations of the fast SW magnetic fields.
Whether the turbulence level is defined at one frequency,
integrated over a range of frequencies, or involves a more
complex combination of frequencies through the formula
for the mean cross-field displacement (see Sections 3.4
and 3.5) does not affect that basic fact.
Our data selection is presented in Section 2 and the
variations in the power level of magnetic fluctuations are
shown in Section 3, where the power level of intermit-
tent turbulence is also defined. In Section 4, through
modeling of the PDFs of field-line directions, we model
the PDFs of the angles α between local and background
(or Parker spiral) fields at series of stable levels of tur-
bulence. Section 5 deals with the transition from the α
angles to the angles αr between local fields and radial
direction. Section 6 presents some consequences of
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the power variability on the field orientations and the
apparent “anisotropy” of the turbulence. The conclusion
follows in Section 7.
2. DATA SELECTION
The study presented in this paper requires high statis-
tics of fast SW turbulent magnetic fields. To reach suffi-
cient statistics, we use data from ACE, from year 2000 to
2011, and from the two STEREO spacecraft, STEREO
Ahead (or A) and STEREO Behind (or B), from year
2007 to 2012. We selected a total of 121 intervals with
SW speeds in excess of 500 km s−1 (but mostly > 550 km
s−1) and durations ranging from 1 to 8 days, for a total
duration of 307.5 days. Stream leading and trailing edges
were avoided as far as possible. Some of the selected in-
tervals obviously belong to the same SW stream, but for
our purpose, they can be considered as independent be-
cause of the broad separation of the spacecraft and/or
the time lapsed between recurrences. 1 s-averaged in-
terplanetary magnetic field data from the MAG magne-
tometer on ACE were downloaded from the ACE Sci-
ence Center at www.srl.caltech.edu/ACE/ASC. 125ms-
resolution magnetic field data from the IMPACT/MAG
magnetometers on STEREO A and B were downloaded
from www.ssl.berkeley.edu and averaged on 8 consecu-
tive points to match the averaging timescale of the ACE
data. In the following, all magnetic field data have a
time resolution δt of 1 second.
3. POWER-LEVEL FLUCTUATIONS
One of the longer intervals selected for our analysis
is the fast SW stream observed onboard ACE between
day 70 and 76 of year 2008. We use this interval as
an example to illustrate in Figures 1−3 how the Fourier
power level of the transverse magnetic fields fluctuates
with time.
3.1. Fourier Spectral Analysis with Sliding Window
For our analysis, we define the directions z, x and y
as the directions along the background magnetic field B0
(or Parker spiral) and normal to B0, in the ecliptic plane
(x) and normal to it (y). The angle φr of the Parker
spiral to the radial direction is determined from Equa-
tion (2) using the 64 s resolution proton speeds from the
SWEPAM experiment. (For SW streams observed on-
board STEREO A or B, we use the 1min resolution pro-
ton bulk speeds from the PLASTIC experiment.)3 We
project the magnetic field vectors (in RTN coordinates)
on these three directions and compute the spectra of the
Bx and By components
4 by fast Fourier transform, with
a Hanning window to minimize truncation effects. We
3 The analysis of this paper has been repeated with proton
speeds averaged over each of the entire SW streams, and over
timescales of one day, one hour and 15min, with no noticeable
variation in the results. So the exact averaging timescale for Vsw
does not seem to affect the results of this paper, which probably
reflects the low variations of Vsw over each of the fast SW intervals
selected for the analysis.
4 At most values of the turbulence parameter ξ, formally intro-
duced in Section 3.5, the Bx and By fluctuations dominate the
Bz fluctuations and a modeling based on only the Bx and By
fluctuations is appropriate. At the lowest values of ξ, where Bz
fluctuations can become dominant, we will include the effects of
the“compressive” field-aligned fluctuations in our modeling of the
field angles α (see Section 4 and end of 3.4).
make this analysis time-dependent by using a window of
width Tw ≡ Nwδt and letting the window slide by δt
increments. Taking the module of the results, squaring
and multiplying by the window width Tw, we obtain the
power levels of Bx and By before “smoothing,”
Ax,y(ν, t, Tw)≡Tw
∣∣∣∣∣
1
Nw
Nw−1∑
n=0
1
2
[
1− cos
(
2pin
Nw
)]
× Bx,y(t+ n δt) e
i 2pi ν n δt/Nw
∣∣∣2,(3)
and compute their sum, A ≡ Ax + Ay. We then re-
duce the noise in the result A by smoothing. For that,
we make use of the very long-time reference power level,
aref, which we compute by including the entire interval of
data (in this particular case, Tw = 6days), to determine
the spectral slopes and right the power level A before av-
eraging locally in frequencies. The reference power level
itself can easily be smoothed out at the higher frequen-
cies by averaging over 200 successive frequencies. In that
particular case, the separation δν between harmonics is
so small that we do not have to worry about the spectral
slopes when averaging over the neighboring frequencies.
Because we find that the spectral slopes of A vary lit-
tle with time, we smooth the power level of transverse
magnetic fluctuations by computing:
a(ν0, t, Tw) ≡
aref(ν0)
Ns + 1
(1−ε)Ns∑
ns=−εNs
A(ν0 + nsδν, t, Tw)
aref(ν0 + nsδν)
,
(4)
where 0 ≤ ε ≤ 1 and δν = 1/Tw is the separation be-
tween Fourier harmonics of A, not aref. In Figures 1−3,
Ns = 200 and ε = 0.15. The smoothing operation is ba-
sically a local averaging over the frequencies, after cor-
rection for the spectral slope using the very long-time
reference power level, aref.
With this time-frequency analysis, we are keeping con-
trol of both the frequency ν and the window width or
time resolution of the Fourier analysis, Tw. One may
argue that a wavelet analysis (e.g., Daubechies 1992) is
superior, but both Fourier and wavelet analysis meth-
ods produce similar results (Podesta 2009 used a wavelet
analysis and our results are consistent, see Section 6). By
using a Fourier spectral analysis with sliding window, we
are just being consistent with our earlier work on the
wandering of magnetic field lines, which is most relevant
to the study of the field orientations and whose results we
are using in Section 4 to model the PDFs of the angles
α [see Equation (27) of Ragot 2006a for the definition
of the Fourier transform used in that earlier work; see
also Section 3.4]. In most theoretical calculations, it is
far easier to Fourier transform back and forth than to
wavelet analyze. The Fourier analysis has for itself its
simplicity and “ease of interpretation.”
With this time-frequency analysis, we are not only de-
termining the power level of the magnetic field fluctua-
tions as a function of time (see Sections 3.2 and 3.3), but
we are also checking the shapes of the frequency spectra.
To our analysis of the field directions and turbulence it
is important that we keep track of the time variations or
lack thereof of the spectral slopes (see Figure 2 of Ragot
2009 or Figure 4 of Ragot 2006d). Indeed, the spectral
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Fig. 1.— Running power level, a(ν, t, Tw), at frequency ν and
with a time resolution Tw , as a function of time, t. The fast
Fourier transforms were computed with a shifting window of width
Tw equal to the entire SW interval (black line), and 1/30 (vio-
let), 1/100 (red), 1/300 (blue), 1/900 (light blue) of that interval
duration for a frequency ν of 0.122Hz. The running power level
a(ν, t, Tw) is smoothed on 200 successive frequencies and normal-
ized in this figure to the very long-time reference power level, aref.
indexes are still needed to evaluate the mean field-line
directions analytically (see Section 3.4).
3.2. Single-Frequency Multiple Time-Resolution
Power-Level Fluctuations
Figure 1 shows the time variations of the power level
a(ν, t, Tw) computed at frequency ν ≈ 0.122Hz with a
shifting window of width Tw decreasing from 1/30 the
full duration of the SW stream (violet line) down to
1/900 of it (light-blue line) by three successive factors
of about 1/3. The black line gives the very long-time
reference power level, aref , to which the running power
level a is normalized. We see that the shorter the shift-
ing window is, that is, the higher the time resolution of
the spectral analysis is, the stronger the fluctuations of
the power level are. The higher-resolution fluctuations
far exceed the lower-resolution fluctuations, but roughly
follow them in their time average, fractal-like. Figure 2
presents a zoom out of Figure 1, for the first day of data.
The electronic version of Figure 1 can also be zoomed in
to follow the four fluctuating lines and check how each is
fluctuating around the line of next lower time resolution.
The power-level fluctuations of Figure 1 are smoothed
on 200 successive frequencies. The effect of that smooth-
ing is to reduce the amplitude of the fluctuations (see Fig-
ures 3 and 4 of Ragot 2013), especially at the lower values
of power level, which can be most affected by noise. We
checked that the effect of this reduction in fluctuation
amplitude is to eliminate the tiny excess “bump” at the
top of the PDFs of field variations presented in Figures
5−8 of Ragot (2013).
3.3. Multiple-Frequency Power-Level Fluctuations
When computing the power level at a given frequency
ν, the value of ν constrains the width Tw of the window
that can be used for the Fourier analysis. Typically, Tw
has to exceed a few times ν−1, and in order to capture
the time variations of the power, Tw must also be chosen
as short as possible. Because the average slope of the tur-
bulence spectrum appears to vary little with time (again,
see Figure 2 of Ragot 2009 or Figure 4 of Ragot 2006d),
and because our primary concern here is to capture the
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Fig. 2.— Zoom out of Figure 1, day 70 of year 2008.
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Fig. 3.— Time variations of the spectral amplitudes Cl ≡
a(νl, t, Tw)Vsw cosφr of transverse magnetic field, from the lowest
wavenumber (black line, l = 0) to the “highest” (red line, l = 8)
by increments of 2. The amplitudes Cl (up to l = 20) are used
to evaluate the turbulence level ξ with Equations (5), (9), (10)
and (11).
precise time variations of the power over a broad range of
scales, we now compute the power at a higher frequency
ν′ ≈ 20 ν with a window of width Tw = ν
−1, and ex-
trapolate the result to the lower frequency ν by using
the spectral slope obtained with a much longer window,
covering the entire SW stream. Figure 3 shows the re-
sulting time variations of the coefficients Cl = C0, C2,
C4, C6 and C8 in cm nT
2 [a(νl, t, Tw) = Cl/(Vsw cosφr),
see also Section 3.4] for the spectral amplitudes of trans-
verse magnetic field, starting with the lowest wavenum-
ber k0 ≈ 3.61 × 10
−11 cm (black line), where the turbu-
lence spectrum becomes steeper than k−1, and ending
with k8 ≈ 7.55× 10
−10 cm (red line).
For a wave vector k making an angle θ with the SW
flow velocity, the wavenumber k is related to the fre-
quency ν through k = 2piν/(Vsw cos θ). Here we are con-
sidering a series of wave vectors kl along the direction of
the background magnetic field, that is, along the Parker
spiral, and corresponding to a series of frequencies νl.
The flow velocity being practically radial in the SW, the
wavenumbers kl are therefore related to the frequencies
νl through kl = 2piνl/(Vsw cosφr), with φr the angle of
the Parker spiral to the radial direction at heliocentric
distance r, as defined by Equation (2). The wavenum-
bers kl and wave vectors kl are parallel wavenumbers and
wave vectors along the Parker spiral, as needed for the
modeling (see Sections 3.4 and 4), which calls for a one-
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dimensional projected spectrum along the background
field [see also Equation (6) and following discussion].
As expected from Figures 1 and 2, in Figure 3 the
time variations at the higher frequencies (or wavenum-
bers) roughly follow in their time average those of the
lower frequencies, but locally display much more intense
fluctuations. With the time-varying coefficients Cl, we
can estimate in Section 3.4 the magnetic field-line mean
cross-field displacement, 〈(∆r)2〉1/2, in the intermittent
turbulence of the SW.
3.4. Mean Cross-Field Displacement
in Intermittent Turbulence
The cross-field displacements ∆r on a background
field-aligned scale ∆z are central to our study of mag-
netic field directions because in the turbulence of fast
and slow SW streams on the scales ∆z ≤ 1011 cm, the ra-
tios ∆r/∆z are expected to closely match (see introduc-
tion) the tangents of the angles α between the measured
magnetic field, averaged on the corresponding timescale
∆t = ∆z/(Vsw cosφr), and the background field B0.
That expectation of a close match between time-averaged
field direction, obtained from in situ data, and direction
of an actual field line is justified by our earlier study
of field-line dispersal, which shows that on the scales
∆z ≤ 1011cm in the SW, the cross-field displacements far
exceed the variations in field-line separations (see, e.g.,
Ragot 2010b, and introduction). Again, this would not
be the case if the field lines were too strongly diverging
from each other.
The cross-field displacement ∆r is not defined from
the data. However, it is a useful quantity whose root
mean square, 〈(∆r)2〉1/2, the mean cross-field displace-
ment, can be evaluated from the spectral amplitudes Cl
at wavenumber kl using predictions of the generalized
quasilinear (GQL) theory (see below). 〈(∆r)2〉1/2 is cen-
tral to our modeling. With 〈(∆r)2〉1/2, we can estimate
in Section 4 the PDFs of the field-line directions, and
compare them to the PDFs of the angles α between the
time-averaged in situ fields and the background field B0.
The displacements ∆r of turbulent magnetic field lines
across the direction of a background field B0 have been
extensively studied for a general background field-aligned
scale ∆z (Ragot 1999, 2006a, 2010a). The square
root of their variance or mean cross-field displacement,
〈(∆r)2〉1/2, can be accurately estimated, both theoret-
ically and numerically, in self-similar turbulence, that
is, in a turbulence of single “constant-at-all-scales” spec-
trum of magnetic fluctuations. Both fully nonlinear and
GQL estimates can be made for 〈(∆r)2〉1/2. On back-
ground field-aligned scales ∆z ≤ 1011 cm and for turbu-
lence spectral shapes typical of slow or fast SW streams,
nonlinear corrections to the GQL result in a background
field B0
〈(∆r)2〉B0 =
4
B20
∑
l
(
Cl
(1− a′l)kl
×
{
1− |kl∆z|
1−a′
l(1− a′l) Γ(−1 + a
′
l) sin
(
a′lpi
2
)
−FP,Q
[{
−1 + a′l
2
}
,
{
1
2
,
1 + a′l
2
}
;
−(kl∆z)
2
4
]}
−
Cl+1
(1 − a′l)kl+1
×
{
1− |kl+1∆z|
1−a′
l(1− a′l) Γ(−1 + a
′
l) sin
(
a′lpi
2
)
−FP,Q
[{
−1 + a′l
2
}
,
{
1
2
,
1 + a′l
2
}
;
−(kl+1∆z)
2
4
]})
(5)
of Ragot (1999, 2006a) [see also Equation (A13) of
Ragot 2010a]5 are found to be negligible, even for much
enhanced power levels (up to at least a factor of 40
at 1011 cm, which would easily cover the range of en-
hancement values observed in Figures 1−3, and much
more at shorter ∆z scales, see Ragot 2010a). On scales
∆z ≤ 1011 cm, accurate estimates of the mean cross-field
displacement should therefore be obtained in the inter-
mittent turbulence of the SW with the same GQL expres-
sion as given by Equation (5), but with coefficients Cl
now varying with time and broadly departing from their
long-time average value, as shown in Figure 3, rather
than constant as in a self-similar turbulence. The ex-
pression of Equation (5) should only remain valid, how-
ever, as long as strong variations of the amplitudes Cl
giving the dominant contribution do not occur on the
timescales shorter than ∆t, since constant amplitudes
have been assumed on the corresponding lengthscale ∆z
in the integration leading to Equation (5). We return to
that point in Section 4.
In Equation (5), Cl and a
′
l are the amplitudes Cl ≡
C‖(kl) and spectral indexes of the one-dimensional or
projected Fourier spectrum
C‖(k‖) ≡
∫
dk⊥B˜
2
⊥(k‖,k⊥) (6)
on the background field direction (parallel direction) at
parallel wavenumbers k‖ = kl, the assumption being that
of a piecewise power-law spectrum with a well-defined
single spectral index on each interval [kl, kl+1]. In Equa-
tion (6), B˜⊥ denotes the theoretical three-dimensional
Fourier transform (with sliding window) of the transverse
component of magnetic field.
Equation (5) applies whatever the three-dimensional
distribution of wavevectors, as long as it produces the
projected spectrum of Equation (6). The SW measure-
ments, however, give the spectrum projected on the SW
flow direction rather than the background field. So the
measured amplitudes Cl of Figure 3 may not strictly co-
incide with the required C‖(kl), and the spectral indices
a′l used in our further estimates of 〈(∆r)
2〉 are not neces-
sarily the spectral indexes of the projected Fourier spec-
trum of Equation (6). Only if the three-dimensional dis-
tribution of wavevectors is nearly isotropic (as found in
slow SW by Narita et al. 2010 at the scale of 109 cm)
should both sets of amplitudes and spectral indexes
a priori coincide. The anisotropy found in the Cluster
data analysis of Narita et al. (2010) becomes significant
below the scale of 109 cm, with a ∼ ±50 percent varia-
5 Note that the GQL expression for the mean cross-field dis-
placement remains accurate at all scales in the SW if 〈(∆r)2〉 <
21/2∆z Lc⊥/Lc‖ when ∆z approaches Lc‖ , Lc‖ and Lc⊥ being the
parallel and perpendicular correlation lengths of the turbulence.
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tion in the energy distribution from the parallel to the
perpendicular directions at 4× 108 cm, but these shorter
turbulent scales do not contribute (or only very little)
to the field-line displacements at the scales ∆z ∼ 109 cm
considered in this paper, nor to the mean cross-field dis-
placements at any other scale. We therefore are hope-
ful that the discrepancy in the measurement direction of
the one-dimensional spectra will not become an issue as
we further make use of Equation (5) in our analysis of
Section 4.6
In Equation (5), FP,Q denotes the hypergeometric
function, computed as a generalized hypergeometric se-
ries
FP,Q[{α}, {β, η}; ζ]≡ 1 +
α ζ
β η
+
α(α+ 1) ζ2
β(β + 1) η(η + 1) 2!
+
α(α+ 1)(α+ 2) ζ3
β(β + 1)(β + 2) η(η + 1)(η + 2) 3!
+ . . . (7)
(e.g., Gradshteyn & Ryzhik 1980) and Γ is the Gamma
function (Euler’s integral of the second kind) defined for
Reα > 0 by the integral
Γ(α) ≡
∫ +∞
0
dx e−xxα−1 . (8)
The GQL result of Equation (5) assumes a constant
background field of magnitude |B0|. However, the start-
ing equation for the field-line tangent (see Equation (1)
of Ragot 1999 or 2006a) calls for the actual Bz field
projection on the background B0, and provided that Bz
does not fluctuate too fast, or is averaged on a timescale
long enough, it can obviously substitute for B0 in Equa-
tion (5). When there are significant long-scale fluctua-
tions in the value of Bz, that substitution should greatly
improve the estimate of the mean cross-field displace-
ment. Therefore we write the mean cross-field displace-
ment as
〈(∆r)2〉1/2 = 〈(∆r)2〉
1/2
Bzav
≡
|B0|
|Bzav |
〈(∆r)2〉
1/2
B0
, (9)
where 〈(∆r)2〉B0 is given by Equation (5). Through-
out the rest of this paper, unless otherwise specified,
〈(∆r)2〉1/2 denotes 〈(∆r)2〉
1/2
Bzav
, the subscript Bzav of
the medium-scale averaged Bz-field being omitted to
lighten the notations. The background field B0, or
very long-time stream-average field, is computed for each
of our fast SW streams by averaging the Bz-field over
the entire stream. Shorter-scale fluctuations δBz of Bz
can be taken into account perturbatively in the evalua-
tion of the mean cross-field displacement by expanding
[1 + (δBz/B0)
2]−1, which we later do to estimate the
correction due to “compressibility effects.” An appro-
priate medium scale for averaging the background field
and computing Bzav remains to be chosen. We return to
the averaging scale of the local background field Bzav in
Section 3.6.
6 Put in other words, if the turbulence were strongly anisotropic,
we should not be able to fit in Section 4 the PDFs of the field
directions using the coefficients Cl and spectral indices a
′
l obtained
from measurements made along a direction that differs from that
of the Parker spiral. But we do obtain quite reasonable fits (see
Figures 8, 10 and 11 in Section 4).
3.5. Defining a Turbulence Level for the Time-Varying
Intermittent Turbulence
From the multiple time-resolution and multiple-
frequency Fourier spectral analysis of Sections 3.2 and
3.3, we realize that the “power level” of the intermittent
SW turbulence is an extremely complex function of time
and frequency, with wild fluctuations of large amplitude.
In our study of the magnetic field orientations with vary-
ing turbulence level, we are therefore faced with a first
serious challenge that consists in defining a turbulence
level.
Our choice of a proper physical parameter that would
both be a good representation of the level of turbulence
at a given time and provide a good parametrization of the
field orientations is guided here by our earlier theoretical
and numerical studies of magnetic field-line wandering
(Ragot 1999, 2006a, 2010). We know from these earlier
studies that the displacements ∆r across the direction
of the background field B0 on a given field-aligned scale
∆z, which should give good estimates of the directions of
the in situ magnetic fields averaged on the corresponding
timescale ∆t = ∆z/(Vsw cosφr), is not dependent on the
Fourier power level at just one frequency, but at a broad
range of frequencies [see Section 3.4 and Equation (5)].
Because the spectral power level is so wildly varying with
time and frequency (see Figures 1–3), studying the field
directions as functions of the spectral power level at any
one single frequency may therefore not reveal the most
meaningful trends of the data. By instead studying the
field directions as functions of a linear combination of the
Fourier power levels Cl at a broad range of frequencies
(or wavenumbers) that happen to produce the variance
〈(∆r)2〉 of the field-line displacements [see Equations (5)
and (9)], we believe that we are optimizing our chances of
uncovering the underlying organization of the field direc-
tions, and of modeling these field directions successfully.
The use of the mean cross-field displacement,
〈(∆r)2〉1/2, which is a linear combination of the spec-
tral amplitudes Cl, rather than that of just one of the
spectral amplitudes Cl, presents the advantage of incor-
porating the variability effects at all frequencies. Also,
unlike the spectral amplitudes Cl, which may vary by
up to a couple of orders of magnitude with time but ac-
tually tell us little about the turbulent behavior of the
fields, the mean cross-field displacement has an obvious
simple physical meaning that is directly related to the
turbulent behavior of the fields. It is the quantity that
we will be using here to quantify the turbulence level.
More precisely, we introduce the parameter C defined by
C1/2 ≡
〈(∆r)2〉
1/2
Bzav
∆z
, (10)
with the mean cross-field displacement 〈(∆r)2〉
1/2
Bzav
given
by Equations (9) and (5). The quantity C1/2 is the
mean cross-field displacement estimated with a back-
ground field magnitude equal to the average |Bzav | and
divided by the field-aligned scale ∆z. The parameter C
is a linear combination of the spectral amplitudes Cl of
magnetic field fluctuations [see Equation (5)]. The prod-
uct C∆z is not a diffusion coefficient because the fields
do not diffuse on the scales ∆z ≤ 1011 cm. Also, due to
intermittency, C strongly varies with time. A related pa-
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Fig. 4.— PDFs of ξ
B0
≡ arctan[〈(∆r)2〉
1/2
B0
/∆z] (violet), ξ ≡
arctan[〈(∆r)2〉
1/2
Bzav
/∆z] (red) and ξ
9
≡ arctan[(B0/Bz
109cm
)
〈(∆r)2〉
1/2
B0
/∆z] (blue) for entire data set of fast SW streams. The
long-time average field B0 is computed for each individual SW
stream (1 to 8 days in duration) while the average field Bzav is
the running average over a timescale of 15min.
rameter, which we will be abundantly using throughout
this paper, is the angle
ξ ≡ arctan
(
C1/2
)
. (11)
Note that if the turbulence were self-similar with only
one “constant-at-all-scales” spectrum of magnetic fluc-
tuations, then 〈(∆r)2〉 and C would simply be propor-
tional to any one of the amplitudes Cl, that is, to what is
ordinarily understood as the energy level of turbulence
in self-similar, non-intermittent turbulence. It is only
because the SW turbulence is strongly intermittent that
involving the mean cross-field displacement 〈(∆r)2〉1/2 in
the definition of the turbulence level presents an advan-
tage.
3.6. Turbulence Level, Bz-Field Averaging Scale
and Field Reversals
An appropriate scale for computing the local average
background field Bzav remains to be chosen. The PDFs
of the turbulence-level parameter ξ, computed for a Bz
field averaged over each complete SW stream (violet),
and over scales of 15min (red) and 109 cm (blue), are
presented in Figure 4 for our entire data set (121 inter-
vals, 307.5 days).7 [The values of ξ are computed from
the Cl amplitudes of Figure 3 using Equations (5) and
(9).] A complete SW stream is much too long (one to
8 days), while 109 cm, the scale over which we are com-
puting the mean cross-field displacement, is too short.
We find that an averaging scale of 15min is a good com-
promise between the two. The PDFs of ξ ≡ ξ15min and
ξ9 ≡ ξ109 cm differ relatively little from each other, mean-
ing that a 15min average already captures most back-
ground field fluctuations. Also, a scale of 15min in fast
SW of speed exceeding 500−600 km s−1 is a safe 40 to 50
times longer than the scale ∆z = 109 cm. In the rest of
this paper, unless otherwise specified, Bzav denotes the
15min average of Bz.
7 For each averaging scale, we average the Bz-component of the
field, not its magnitude. When averaged on a complete SW stream
to obtain B0, the Bz-component does not “cancel out” because we
are considering fast SW streams of mostly unipolar fields.
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Fig. 5.— PDFs of sBzav for four intervals of turbulence levels
(8◦ < ξ < 28◦, 28◦ < ξ < 48◦, 48◦ < ξ < 68◦ and 68◦ < ξ < 88◦)
and a Bz-field averaged on 109 cm (blue) and 15min (red). s is
the sign of the background field polarization. The lower panels
show an increasing rate of short-scale field reversals at increasing
turbulence levels.
Figure 5 now compares the PDFs of sBzav , where Bzav
is averaged on scales of 109 cm (blue) and 15min (red),
in four contiguous intervals of the parameter ξ covering
a total of 80◦. The parameter ξ is estimated with an av-
eraging scale of 15min for Bzav for both the blue and red
PDFs. The polarization sign s of the background field
is computed from each complete SW stream. A negative
value for sBzav indicates a reversal of the field relative
to the unperturbed Parker spiral field. While reversals
are rare events at ξ < 48◦, they become relatively fre-
quent at the higher values of ξ. At the highest levels
of turbulence (ξ > 68◦, bottom-right panel of Figure 5),
short-scale reversals are so frequent that on the shorter
scale of 109 cm, reversed fields are practically as common
as normal-polarity fields. This of course does not mean
that field reversals are ubiquitous throughout the fast
SW. The occurrence rate of ξ > 68◦ is relatively low (see
red curve in Figure 4). Still, it is far from negligible, and
we find that if the unperturbed field is indeed along the
Parker spiral direction, then field reversals are not rare
occurrences in the fast SW. On the whole, again if the
unperturbed field is along the Parker spiral direction, the
field appears to be reversed between 4 and 10 percent of
the time in fast SW streams. Note also that unlike for
the 109cm-average, the PDFs for the 15min-average fall
to zero at sBzav = 0.
4. MODELING OF THE LOCAL-TO-BACKGROUND
FIELD ANGLES
From the mean cross-field displacement of Equations
(5) and (9), we can model the PDF of the angles α be-
tween local and background fields.8 As long as the GQL
8 In all rigor, we should be using different notations for the
angles α obtained from the model and from the measurements,
since they could be very different quantities, were it not for the
fact that in SW streams and on the scales ∆z ≤ 1011 cm, the cross-
field displacements far exceed the variations in field-line separations
(see intoduction and beginning of Section 3.4). The angles of the
model are the angles αFL between segments of magnetic field lines
with projection ∆z on the background field, and the background
field, while the measured angles are the angles α between the time-
averaged in situ fields and the background field B0 or Parker spiral.
These facts being clear, we will be omitting the subscript FL of
the angles αFL.
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Fig. 6.— PDFs of ξ ≡ arctan[〈(∆r)2〉
1/2
Bzav
/∆z] for entire data
set (red) and for a subset of time intervals over which the turbu-
lence level, characterized by ξ, remains stable on a timescale of at
least 400 s, that is, remains within the same 2◦-wide bin over that
timescale. The contributions from the highest turbulence levels are
much reduced in the “stable” subset because the peaks of higher
turbulence levels are usually of very short duration.
result holds, we expect Gaussian distributions for the
displacements ∆x and ∆y in each of the directions per-
pendicular to the background field and a distribution,
fR(∆r) =
2∆r
〈(∆r)2〉
e−(∆r)
2/〈(∆r)2〉 , (12)
for the cross-field displacements ∆r=[(∆x)2+(∆y)2]1/2.
From this distribution, we derive in Section 4.2 of Ragot
(2006b) the PDF,
fA(α) =
∆z
cos2 α
fR [(∆z) tanα] , (13)
for the angles α between local and background fields.
The GQL expression for the mean cross-field displace-
ment in Equation (5) assumes a turbulence spectrum
that does not vary on the scale ∆z over which 〈(∆r)2〉
is estimated. For a fixed value of the parameter 〈(∆r)2〉,
one should therefore expect our theoretical prediction to
fit the observations only when the power level is stable on
the scale ∆z. From our large data set, we extract all the
time intervals over which such conditions are satisfied.
In Figure 6, we show the PDFs of the “power level” ξ for
both the entire data set (red) and the subset of time in-
tervals over which the “power level” is stable, that is, the
subset of time intervals over which ξ remains within one
2◦-wide bin for a time exceeding 400 s (which is slightly
larger than 20∆z/Vsw). The contribution from the high-
est turbulence levels are much reduced in Figure 6 in the
“stable” subset because the peaks of higher power are
usually of short duration or involve very steep time vari-
ations.
Figure 7 shows similar PDFs for a stricter definition
of stability whereby the edges of the stability intervals
are removed (some 150 s on each end). This eliminates
time intervals over which the computed turbulence power
level may still be influenced by time intervals with dif-
ferent dominant power level. The contribution of each
subinterval is now more peaked around its center, but
the PDF shape is not otherwise significantly modified.
The purpose of these subsets of stable turbulence
power levels is to check whether the angles between
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Fig. 7.— Same as Figure 6, but for a stricter definition of the
intervals of “stability,” wherein 150 s are removed at the ends of
each subinterval. The contribution of each subinterval is now more
peaked around its center.
local and background fields can be accurately modeled
and understood when the basic model requirement of sta-
ble turbulence levels is satisfied. For more generally vary-
ing turbulence power levels, the modeling would require
a more complex convolution to include the contributions
from all power levels. This is beyond the scope of the
current paper. Here, we just want to find out whether
the model has a chance to work in the first place and
check the basics. We thus deconvolve the problem by de-
composing the data into distinct turbulence power levels,
instead of convolving the model.
On the ∆z scales less than 1011cm, the cross-field dis-
placements far exceed the variations in field-line separa-
tions (see, e.g., Ragot 2010b). The cross-field displace-
ments obtained by integrating the Bx and By measured
in situ field components over time intervals of duration
∆t should therefore match the cross-field displacements
of real magnetic field lines relatively well, and give good
estimates of the actual angles α between local and back-
ground magnetic fields in the SW. Again, this would not
be the case if the field lines were too strongly diverging
from each other (see introduction, including footnotes).
In Figure 8, we compare the model to the measured
PDFs of the angle α between local and background mag-
netic fields (see footnote 8). The measured angles α are
obtained from
tanα =
{[∑N/2
−N/2Bx(t+n δt)
]2
+
[∑N/2
−N/2By(t+n δt)
]2}1/2
s
∑N/2
n=−N/2Bz(t+ n δt)
,
(14)
with the background field polarity sign, s ≡ B0/|B0|,
for each sampling time t, excluding the first and last
N/2 = ∆t/(2δt) measurements of each SW stream (see
also footnote 7). The value ofN slightly varies with time.
It is given by the ratio of ∆z = 109 cm over the local
product Vsw δt cosφr at time t. [If N is an odd num-
ber, the sums are taken from −(N − 1)/2 to (N + 1)/2.]
The PDFs computed from the entire data set are shown
in red, while those computed for the subset of intervals
with stable turbulence levels are shown in black. In each
of the four panels, a different range of turbulence levels
is included, from ξ > 40◦ in the upper-left panel to all
ξ values in the lower-right panel. The reason for this
distinction is that at the lowest values of ξ, typically be-
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Fig. 8.— Measured PDFs (histograms) and model PDFs (lines)
of the angle α between local and background fields for entire data
set (red) and for subset of stable turbulence levels (black) for tur-
bulence levels ξ > 40◦ (top-left panel), ξ > 30◦ (top-right panel),
ξ > 20◦ (bottom-left panel) and all turbulence levels (bottom-
right panel). The blue lines in the bottom panels are the model
PDFs corrected for the measured “compressibility” of the turbu-
lence. The model produces good fits for the subset of stable tur-
bulence levels, but as expected, fails to fit the PDFs for the entire
data set that includes intervals of fast varying turbulence level.
low 28◦, “compressive” field-aligned fluctuations become
dominant. To the “non-compressive” transverse model
based on Equation (5), we then have to add a correction.
This is done by expanding [1+(δBz/B0)
2]−1, and roughly
results in the multiplication of the transverse result for
〈(∆r)2〉 by a factor 1 + 3〈(δBz/B0)
2〉. Numerically, it
amounts to a factor of the order of 1.5 in front of Bzav .
The results for the PDFs of α are the blue lines shown
in the bottom panels of Figure 8.
The model (black lines in upper panels and dark-blue
lines in bottom panels) fits the measured PDFs well for
the subset of stable turbulence levels, confirming the va-
lidity of the model. As expected, however, the model
does not fit the measured PDFs so accurately (see red
and light-blue PDFs) when intervals of fast varying tur-
bulence level are included in the data.
We now decompose the α PDFs into four ranges of
turbulence levels (8◦ < ξ < 28◦ in violet, 28◦ < ξ <
48◦ in green, 48◦ < ξ < 68◦ in blue and 68◦ < ξ <
88◦ in red). In Figure 9, we compare the PDFs of each
subrange for the subset of stable turbulence levels and for
the entire data set, both for a Bz-field averaged on 10
9 cm
(top panel) and on 15min [bottom panel, where the sum
in the denominator of Equation (14) is made from -450
to 450 instead of -N/2 to N/2] in the definition of tanα.
The measured α PDFs differ little at the lower turbulence
levels, but more significantly at the higher levels.
With the same decomposition into four ranges of tur-
bulence levels, we compare in Figure 10 the measured
normalized α PDFs of the stable subset with the model
PDFs. The statistics in the highest ξ-range are very
limited and the error bars on the measured PDF very
large.9 We therefore consider the model a reasonable fit
in all four ranges of turbulence levels. While in Figure 10,
the angles α are computed with a Bz-field averaged on
109 cm, in Figure 11 the Bz-field is averaged on a scale of
9 It is the main reason for the high statistics of our data set.
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Fig. 10.— Measured PDFs (histograms) and model PDFs (lines)
of the angle α between local and background fields for subset
of stable turbulence levels decomposed into four subintervals
of turbulence levels, 8◦ < ξ < 28◦ (violet), 28◦ < ξ < 48◦
(green), 48◦ < ξ < 68◦ (blue), 68◦ < ξ < 88◦ (red), for 109 cm-
averaged Bz field. The violet dotted line shows the model PDF at
low turbulence level prior to correction for “compressibility effect.”
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Fig. 11.— Same as Fig. 10, but for a 15min-averaged Bz field.
15min in the denominator of Equation (14) (sum made
from -450 to 450 instead of -N/2 to N/2). The compari-
son data/modeling remains satisfactory.
Figures 8, 10 and 11 reveal no problem with our mod-
eling of the magnetic fields and of their orientations rel-
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ative to the background field, as long as the turbulence
level varies sufficiently slowly. On all subsets of stable
turbulence level, we obtain fits of the measured PDFs
that are actually quite good, even at the highest tur-
bulence levels where the theory was not originally in-
tended. Our GQL modeling and results do not assume
anything about the turbulence isotropy or lack thereof.
The only requirement for our turbulence model is that
the three-dimensional distribution of wavevectors pro-
duces the right projected spectrum of turbulence [see
Equation (6)]. So the positive result of our modeling
actually supports an isotropic model of turbulence by
not excluding it.
5. FROM α TO αR
Because the direction of the radial is known while that
of the background field is in some measure assumed, the
orientations of the SW magnetic fields are more often
studied relative to the radial than to the background.
Here, we go from the angles α relative to the background
to the angles αr relative to the radial, compare the PDFs
of the two at a number of turbulence levels, and investi-
gate how one goes from one to the other.
Returning to the entire data set, we show in Figure 12
the PDFs of field angles at a series of turbulence levels
ξ = 11±1◦, ξ = 31±1◦, ξ = 51±1◦, ξ = 71±1◦ and ξ =
89±1◦. In Figure 12, only the central PDF at ξ = 51±1◦
is normalized. The other PDFs are given relative to that
PDF and have much lower integrals at the lower and
higher ends of the turbulence power levels. The PDFs of
measured α angles between local and background fields
are shown in dashed lines while the PDFs of measured αr
angles between local field and radial direction are shown
in solid lines. The measured angles αr are obtained from
tanαr =
{[∑N/2
-N/2BT (t+n δt)
]2
+
[∑N/2
-N/2BN (t+n δt)
]2}1/2
(B0R/|B0R |)
∑N/2
n=-N/2BR(t+ n δt)
,
(15)
where BR, BT and BN are the measured magnetic field
components in the RTN coordinate system (R: along
the radial, pointing away from the Sun; T : orthoradial
in the ecliptic, pointing west; N : normal to the ecliptic,
pointing north). B0R is the R-component of the very
long-time, stream-average field, the ratio B0R/|B0R | giv-
ing again the field polarity in each SW stream.
To test our understanding of the measured fields and
a couple of simple hypotheses, we now use the PDFs of
measured α to simulate the angles αr and their PDFs.
Through Monte-Carlo simulation, we generate sets of α
angles with the measured PDFs. Assuming (1) a back-
ground field along the Parker spiral direction and (2)
axisymmetry of the turbulent fields around that back-
ground field, we then transform the angles α into the
angles αr between local field and radial direction. Fi-
nally, we compute the PDFs of these new angles and
show them in dotted lines in Figure 12. The modeled
PDFs of αr appear to fit the measured PDFs reasonably
well as soon as ξ > 26◦. At the highest turbulence levels,
above ξ ≈ 60◦, we note that the αr PDFs, both mea-
sured and modeled, are nearly flat on a broad range of
angles αr between 50 − 60
◦ and 110 − 120◦. This we
now believe can be attributed to the broad and nearly
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Fig. 12.— PDFs of measured α angles between local and
background fields (dashed lines) and of measured and modeled αr
angles between local field and radial direction (solid and dotted
lines, respectively) for a series of turbulence levels ξ = 11 ± 1◦,
ξ = 31 ± 1◦, ξ = 51 ± 1◦, ξ = 71 ± 1◦ and ξ = 89 ± 1◦. The
green PDFs for ξ = 51 ± 1◦ are normalized and serve as reference
level for the other “PDFs.” The model PDFs are obtained from
the measured α PDFs by Monte-Carlo simulations assuming ax-
isymmetry of the local field directions relative to the background.
The dotted lines of matching color are obtained for a background
field along the Parker spiral. The two additional dotted lines
(green-blue for ξ = 51 ± 1◦ and dark-violet for ξ = 11 ± 1◦) are
computed for a background field at 7◦ and 8◦ to the Parker spiral,
respectively, slightly improving the fit to the measured PDFs.
axisymmetric distribution of the turbulent fields about
the background-field direction.
In the cases ξ = 50±1◦ and ξ = 10±1◦, where the mod-
eled PDFs are less than satisfactory, we do an additional
transformation with a slightly different background field
direction, shifted by some 7 and 8◦ relative to the Parker
spiral. The results are also shown in dotted lines, but
with a slightly different color. They appear to improve
the fit to the measured PDFs of αr, but the fit at the low-
est turbulence level remains less than satisfactory. The
issue there again might be connected to the measured
“compressibility” of the turbulence.
We also note that the statistics in the central power bin
(ξ = 51± 1◦) are relatively high, and that a large num-
ber of SW streams contribute to these statistics, with
a spread in the Parker spiral direction of more than 4
degrees around the mean value of φr ≈ 34
◦. It may be
affecting our result, but reduced statistics with more con-
strained values of Vsw and therefore φr did not seem to
change that result. This issue will need further investi-
gation.
From the simple test of this section, we conclude that
axisymmetry of the turbulent fields around a background
field in or near the direction of the Parker spiral is a rea-
sonably good assumption that produces fairly accurate
fits of the measured PDFs of αr angles, away from the
lowest turbulence levels where Bz turbulence becomes
dominant, that is, above ξ ≈ 26◦. This “axisymme-
try” result appears to us difficult to reconcile with an
αr anisotropy of turbulence power driven by a wavevec-
tor anisotropy.
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6. CONSEQUENCES OF THE TURBULENCE-LEVEL
VARIABILITY ON FIELD ORIENTATIONS
AND APPARENT ANISOTROPY
Figure 13 displays the PDFs of “turbulence levels” ξ
for series of angles α (left panels) and αr (right panels)
measured between 0 and 90◦ (top panels) and between
0 and 180◦ (bottom panels). The left panels show PDFs
peaking at the highest levels of turbulence near the nor-
mal to the background field (green PDF), and at the
lowest levels near the direction of the background field
(black, yellow), with a clear shifting of the peak with
the angles α and α90. Magnetic fields near the normal
to the background dominate at the highest levels of tur-
bulence, while magnetic fields close to the background
field direction dominate at the lowest turbulence levels
ξ, which can also be seen in Figure 12 (see also dashed-
line histograms for entire data set of Figure 9). As a
consequence, because the angle between background and
radial direction is relatively small in fast SW (∼ 30◦), it
is also true that magnetic fields at large angles to the ra-
dial are preponderant at higher ξ, while magnetic fields
closer to the radial are more frequent at lower ξ. But
the effect is less striking in the right panels of Figure 13
than that for the angles α relative to the background in
the left panels.
The strong “anisotropy” shown in Figures 12 and 13,
and further in Figure 17, of course is related to our choice
of the parameter ξ to characterize the turbulence level
[see Equations (10–11)]. This parameter closely orders
the peaks of the α and α90 PDFs because it is related to
the mean cross-field displacement of the turbulent field
lines. But we argue that the power level has to be divided
by the squared magnitude of the background magnetic
field, as it is done in the definition of C and therefore
ξ, because in itself, the power in δB tells us nothing
about turbulence; it is the power in δb ≡ δB/Bzav (of
the fluctuations relative to the background) that does.
No matter how high the power in δB, if Bzav is high
enough, it will “quench” the turbulence.
Figures 14 and 15 are the “equivalent” of Figures 12
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Fig. 13.— Measured PDFs of turbulence levels ξ for series of
intervals of angles between local and background fields, α90 and α
(left panels), and between local field and radial, αr90 and αr (right
panels). The angles α and αr are measured between 0 and 180◦,
while the angles with an index 90 are measured between 0 and
90◦. The left panels show PDFs peaking at the highest levels of
turbulence near the normal to the background field (green PDF),
and at the lowest levels near the direction of the background field
(black, yellow), with a clear shifting of the peak with the angles α
and α90.
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Fig. 14.— “Same as” Figure 12, but for a turbulence level defined
as C12/(B2zav∆z) (i.e., from the fluctuations at a single frequency
ν ≈ 0.028Hz) instead of 〈(∆r)2〉Bzav
/(∆z)2, which depends on a
broad range of frequencies. The parameter C12 is C12/(2B2zav∆z)
and the PDFs are computed for the values of C12 giving, for n =
4, 3, 2, 1 and 0, a ξ12 ≡ arctan[20(2C12)1/2] within a 2◦ bin
containing arctan(20×21/2×10−n/2) (the bins all start at multiples
of 2◦). The violet PDFs for C12 = 10−3 are normalized and serve
as reference level for the other “PDFs.”
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Fig. 15.— “Same as” Figure 13, but for a turbulence level defined
as C12/(B2zav∆z) instead of 〈(∆r)
2〉Bzav /(∆z)
2. The parameter
ξ12 is arctan[20 (C12/∆z)1/2/Bzav ].
and 13 with a turbulence level defined using the field
fluctuations C12/B
2
zav at only one frequency (close to
Vsw/∆z), rather than using the mean cross-field dis-
placement 〈(∆r)2〉
1/2
Bzav
as in Section 3.5. Similar con-
clusions can be drawn from these figures. So our conclu-
sion that the highest turbulence levels are found near
the normal to the Parker spiral and the lowest levels
0 20 40 60 80
α
0.00
0.01
0.02
0.03
0.04
0.05
PD
F
o
 
 
 
 
 
 10
 
-
 
4
 <  C
12 
 < 10
 
-
 
3
10
 
-
 
3
 <  C
12 
 < 10
 
-
 
2
10
 
-
 
2
 <  C
12 
 < 10
 
-
 
1
10
 
-
 
1
 <  C
12 
 < 1
Fig. 16.— Same as dotted-line histograms of the top panel of
Figure 9, but for a turbulence level defined as C12/(B2zav∆z). The
parameter C12 is one half that turbulence level. Again, the highest
turbulence levels are found near the normal to the Parker spiral and
the lowest levels near the Parker spiral direction.
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α90 (empty red circles), αr (black squares) and αr90(blue triangles).
near the Parker spiral direction is not due to the use of
〈(∆r)2〉Bzav/(∆z) in place of C12/B
2
zav in the definition
of the turbulence level. Figure 16 also shows the PDFs
of the angles α for a series of intervals of the parameter
C12 ≡ C12/(2B
2
zav∆z). The PDFs of Figure 16 are to be
compared to the dashed-line histograms of the top panel
of Figure 9 for the entire data set. Again, the results
are similar whether the definition of the turbulence level
involves 〈(∆r)2〉Bzav/(∆z) or only C12/B
2
zav .
We note, however, that the parameter ξ ≡ arctan
(〈(∆r)2〉
1/2
Bzav
/∆z) used throughout this paper is a more
meaningful ordering parameter because the turbulent
magnetic field lines are affected by the turbulent field
fluctuations at a broad range of frequencies, down to
where the spectrum becomes flatter than k−1, and not
just by the fluctuations at the frequency inverse of the av-
eraging timescale for the computation of the mean local
field direction. The parameter ξ, in all instances where
the transverse fluctuations dominate, that is, above
about 26◦, gives the approximate location of the peak
in the PDFs of the angles α between mean local and
background Parker fields.10
Knowing the bivariate PDFs P (ξ, α′) for α′ = α, α90,
αr and αr90 , we can now estimate the average turbulence
level at each angle α′ by computing the integral
Cav(α
′) ≡
∫ ξmax
0◦
dξ P (ξ, α′) tan2 ξ , (16)
with a cutoff at ξ = ξmax. The results relative to
Cav(δα/2) in the first bin of the α
′ histograms, are pre-
sented in Figure 17 for ξmax = 84
◦. The peaks’ heights
are very sensitive to the value of the cutoff ξmax. For
instance, a value ξmax = 88
◦ would produce a peak in
α ≈ 100◦ over 4 times higher than found here in Figure
10 Note again that if the turbulence were self-similar with only
one “constant-at-all-scales” spectrum of magnetic fluctuations,
then 〈(∆r)2〉 and C would simply be proportional to any one of
the amplitudes Cl, that is, to what is ordinarily understood as the
energy level of turbulence in self-similar, non-intermittent turbu-
lence. It is only because the SW turbulence is strongly intermittent
that involving the mean cross-field displacement 〈(∆r)2〉1/2 in the
definition of the turbulence level presents an advantage.
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Fig. 18.— Same as Figure 17, but with “tan ξ” defined as
(C12/∆z)1/2/|Bzav | rather than 〈(∆r)
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Fig. 19.— Same as Figure 18, but with the long-time average
B0 substituting for the 15min average Bzav . Also, all C12,av are
normalized to the same value of C12,av(θr) at 1◦ rather than their
own value at 1◦.
17, and if all turbulence levels present in our data set
were included, that peak would exceed 500. The value
ξmax = 84
◦ was chosen because it is already sufficiently
large to produce high peaks, yet still low enough to keep
the rising phase of the curves at low α′ clear.
Most importantly, we note that the ratio
Cav(89
◦)/Cav(1
◦) is much greater for α and α90
than it is for αr and αr90 . The dependence on α of
the turbulence level is the main effect, that of the
turbulence level on αr a mere consequence of it. The
steeper dependence on α, or stronger “anisotropy” in α,
is due to the fact that the α PDFs remain peaked at all
turbulence levels ξ, whereas the αr PDFs become flat at
the higher ξ (see Figure 12) as a result of the broad and
presumably nearly axisymmetric distribution of field
directions about the background field direction.
Also, the use of the amplitudes Cl/(B
2
zav∆z) rather
than C as defined in Equation (10) would lead to much
steeper curves and higher peaks, depending on the fre-
quency (see Figure 18). The higher the frequency, the
higher the peaks, consistent with the findings of Podesta
(2009). Finally, when the running 15min average Bzav of
the background field magnitude is replaced by the long-
time average B0 in the definition of ξ, the sharp depen-
dence of the average turbulence level C12,av on the angles
α and αr is damped out. It is reduced in Figure 19 to a
mere factor 3− 3.5 increase in αr, and is almost entirely
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suppressed in α. The result of Figure 19 for the de-
pendence on αr is very much consistent with the results
shown in the top panel of Figure 7 in Podesta (2009).
The strong “anisotropy” presented in this section is in
no way related to any anisotropy in the wavevector dis-
tribution of the turbulence. The fact that the turbulence
levels are observed to be much higher in the directions
close to the normal to the Parker spiral than in the direc-
tions close to the Parker spiral itself is strictly due to the
facts that (1) the field directions deviate more strongly
from the Parker spiral direction when the turbulence is
higher, and (2) the turbulence level varies strongly with
time, enabling the observation of a wide range of field
directions and turbulence levels. So the strong appar-
ent “anisotropy” presented in this section is strictly a
consequence of the turbulence-level time variability.
7. CONCLUSION
In an effort to identify the effects of the broad varia-
tions in turbulence levels on the orientations of the lo-
cal mean fields, we have analyzed the turbulent magnetic
fields of a large set of fast SW streams measured onboard
ACE and STEREO A and B. Our multiscale Fourier
analysis of the transverse turbulent fields reveals time
variations of the spectral power at all frequencies and on
many timescales. The higher the time resolution of the
spectral analysis is, the stronger the fluctuations of the
power level are. The higher-resolution fluctuations far
exceed the lower-resolution fluctuations, but roughly fol-
low them in their time average (see Figures 1−3). From
this multiscale Fourier analysis, we estimate as a linear
combination of the Fourier amplitudes Cl (see Figure 3)
the GQL mean cross-field displacement of the magnetic
field lines in the time-varying intermittent turbulence.
This estimate of the mean cross-field displacement in in-
termittent turbulence is given by the square root of Equa-
tion (5) with a local medium-scale (∼ 15min) average
background field Bzav substituting for the stream aver-
age B0. It includes the effects of all turbulent scales and
fluctuates on many timescales. This estimate of the mean
cross-field displacement, once divided by the field-aligned
scale ∆z, defines the square root C1/2 of the power level
of the intermittent turbulence in Equation (10), and the
related angle, ξ ≡ arctanC1/2, used throughout the pa-
per to parametrize the power level of the intermittent
turbulence.
Provided “compressibility effects” are included at the
lowest power levels of turbulence (ξ < 26◦), modeling
the PDFs of the angles α between local and background
fields produces satisfactory fits of the observed PDFs at
all stable power levels of turbulence (see Figures 8, 10
and 11), that is, on all time intervals with variations in
the power level of turbulence that are sufficiently slow.
Because the highest power levels of turbulence happen
in short bursts, the statistics for stable power levels are
biased toward the lower turbulence levels and smaller
angles (see Figures 6−9). But the fits remain quite ac-
curate at all levels ξ, even for the very low statistics of
the higher ξ. Because our GQL modeling does not as-
sume anything about the three-dimensional distribution
of wavevectors in the turbulence, and therefore does not
preclude an isotropic distribution of wavevectors, it fol-
lows from these fits that an isotropic turbulence could
account for the measured PDFs of the angles α between
local and background fields at all stable levels of turbu-
lence.
Both the direct measure of the field projection on the
background field (Parker spiral direction) and the PDFs
of the measured angles α between local and background
fields reveal local field reversals that are quite common
even within very broad streams of “unipolar” fast SW
(see Figures 5 and 12). On the whole, they happen some
4 to 10 percent of the time, but at the highest levels
of turbulence, short-scale reversals are so frequent that
on the scale of 109 cm, reversed fields are practically as
common as normal-polarity fields.
Modeling through Monte-Carlo simulation the PDFs
of the angles αr between local fields and radial direc-
tion from the measured PDFs of the angles α, we find
that axisymmetry of the turbulent fields around a back-
ground field in or near the direction of the Parker spiral
is a reasonably good assumption. The modeling made
under this simple assumption does indeed produce fairly
accurate fits of the measured PDFs of αr angles, away
from the lowest turbulence levels where Bz fluctuations
become dominant, that is, above ξ ≈ 26◦. At the highest
turbulence levels, above ξ = 60◦, both the model and ob-
served αr PDFs are nearly flat on a broad range of angles
αr between 50− 60
◦ and 110− 120◦ (see Figure 12).
Unsurprisingly, magnetic fields near the normal to the
background field or Parker spiral dominate at the high-
est turbulence levels, while magnetic fields close to the
Parker spiral direction dominate at the lowest turbulence
levels ξ, with a peak of the α (ξ) angle PDFs smoothly
shifting from the parallel to the normal direction (from
the low to the high turbulence levels) as ξ (α) increases
[Figure 12 (13)]. This results in a very steep dependence
of the average power level of turbulence Cav of Equation
(16) on the angle to the Parker spiral, and in a more
moderate dependence on the angle to the radial (Fig-
ure 17). The steeper dependence on α is due to the fact
that the α PDFs remain peaked at all ξ whereas the αr
PDFs, due to the broad and nearly axisymmetric PDFs
of the field directions relative to the background, become
flat at the higher ξ. The dependence is found to be even
steeper for the higher-frequency amplitudes C12,av/B
2
zav
(Figure 18), but strongly reduced for C12,av (Figure 19).
Our conclusion that magnetic fields near the normal
to the background Parker spiral dominate at the high-
est turbulence levels, while magnetic fields close to the
Parker spiral direction dominate at the lowest turbulence
levels is not modified by the use of a single-frequency
turbulence-level definition C12/(B
2
zav∆z) in the place of
〈(∆r)2〉Bzav/(∆z)
2 (Figures 14–16).
We do not presume to know whether the αr
“anisotropy” ofC12,av presented in Figure 19 is a residual
effect of the strong variability in the power level of tur-
bulence. But we can certainly conclude that the extreme
“anisotropy” seen in Figures 17 and 18 is unambiguously
caused by the time variability in that power level of tur-
bulence, and not by any anisotropy in the wavevector
distribution of the turbulence. Clearly, a purely isotropic
model of turbulence, that is, a model of turbulence with
an isotropic distribution of wavevectors k, can reproduce
the PDFs of the angles α and αr between local and back-
ground fields and between local field and radial direction
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presented in this paper for series of the power level of
turbulence. By this we mean that an isotropic model
of turbulence cannot be excluded on the basis of the ob-
served dependences of the angle PDFs on the power level
of turbulence, or of the average power levels of turbulence
on the angles. These dependences are entirely imputable
to the time variability in the power level of turbulence ob-
served in the fast SW streams. These results are consis-
tent with the near isotropy found by Narita et al. (2010)
from four-point magnetic field measurements of the Clus-
ter spacecraft at the turbulence scales close to 109 cm in
the SW.
The parameter ξ defined by Equations (10) and (11)
does order the directions of the local fields best because
it physically represents the local statistical average di-
rections. This tight ordering of the local field directions
with the parameter ξ brings the observed “anisotropies”
of the average power level of turbulence to extremes much
higher than otherwise found with the power level undi-
vided by the local background field. But again, we argue
that the power level has to be divided by the squared
magnitude of the background magnetic field because in
itself, the power in δB tells us nothing about turbulence,
it is the power in δb ≡ δB/Bzav that does. No matter
how high the power in δB, if Bzav is high enough, it will
“quench” the turbulence.
The variations of Bzav itself are likely caused, in large
part, by the non-uniformity of the emerging fields within
each of the coronal holes at the source of the fast SW
streams. We suggest that some of the variations of
Bzav , in particular the local field reversals (Figure 5;
Section 3.6), may also be signs of intermixed magnetic
fields of opposite polarity, originating from a different
SW stream, perhaps even signs of ongoing reconnection
with these opposite-polarity fields, or remnants of recon-
nections that took place earlier. Though it is of course
also possible and even likely that some of these local
field reversals are due to the reconnection, at the basis of
the corona, within coronal holes, of open field lines with
closed magnetic loops.
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